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Summary 
Helical junctions are important elements in the archi- 
tecture of folded RNA molecules. The global geometry 
of fully base-paired four-way junctions between RNA 
helices has been analyzed by comparative gel electro- 
phoresis. Junctions appear to fold by pairwise coaxial 
helical stacking in one of two possible stereochemi- 
tally equivalent isomers based upon alternative selec- 
tions of stacking partners. In the presence of 1 mM 
WV+, the two continuous helical axes are approxi- 
mately at right angles to each other for all junctions 
studied, but the RNA junctions exhibit significant se- 
quence-dependent differences in their structures as 
a function of ionic conditions. The four-way junction 
found in the Ul snRNA folded by coaxial helical stack- 
ing. It retained the 90° crossed stacked structure un- 
der all ionic conditions tested, despite the presence 
of a G * A mismatch at the point of strand exchange. 
Introduction 
Naturally occurring RNA molecules are formally single- 
stranded, yet it has long been appreciated that their se- 
quences contain the propensity for considerable second- 
arystructure formation. In some respects, thestructures of 
large RNA molecules probably resemble globular proteins 
more closely than double-stranded DNA, with both sec- 
ondary and tertiary interactions determining the overall 
shape of the molecule. This complex structure is undoubt- 
edly extremely important in the function of RNA, as a com- 
ponent of the translation apparatus and in the processing 
of transcripts. It is now appreciated that RNA is frequently 
the active player in many of these processes, rather than 
playing a mere subsidiary role to proteins, as RNA can 
catalyze important chemical reactions (Gesteland and At- 
kins, 1993). 
One way of studying the structure of complex folded 
RNA molecules is to seek smaller elements of the structure 
that may act as building blocks upon which the overall 
conformation is constructed (Chastain and Tinoco, 1991). 
These include sections of duplex, hairpin loops, bulges, 
and internal loops of different sizes and long-range interac- 
tions such as base triples and pseudoknots. Another im- 
portant element of folded RNA structure is the helical junc- 
tion, a point where three or four helical segments interact 
by exchange of strands, with or without spacing by un- 
paired bases. A four-way junction without additional bases 
(a 4H junction [Lilley et al., 19951) would be the RNA equiv- 
alent of a cruciform, or Holliday, junction in DNA. Promi- 
nent examples of four-way RNA junctions may be found 
in the Ul snRNA (Branlant et al., 1981), in the hairpin 
ribozyme of the tobacco ringspot virus (Hampel and Tritz, 
1989), and in single-stranded RNA viruses such as bacte- 
riophage Q3 (Beekwilder et al., 1995). A role for such struc- 
tures in RNA splicing has been suggested by Steitz(1992). 
Metal ions are important in the folding of nucleic acids. 
Ribophosphate backbones are charged polyelectrolytes 
that are subject to considerable electrostatic repulsion in 
the absence of screening. Metal ions fulfill an important 
function in reducing phosphate repulsion, and thus, most 
such structures are highly dependent on the nature and 
concentrations of cations present in solution. A high affin- 
ity metal ion-binding site has been located at the point of 
strand exchange in the four-way DNA junction by uranyl 
ion photocleavage (Mqllegaard et al., 1994). 
A common feature of folded nucleic acids is the coaxial 
stacking of helical arms, and base stacking is clearly a 
significant driving force in their folding processes. We 
would anticipate that RNA junctions, like their DNA coun- 
terparts, will maximize base stacking by undergoing pair- 
wise coaxial helical stacking, as exemplified by tRNA, but 
other folding principles established for the DNA junction 
will be different for RNA. The DNA junction adopts a right- 
handed, antiparallel stacked X structure, most probably 
governed by the juxtaposition of backbones and major 
grooves that is unique to this form (Murchie et al., 1989; 
von Kitzing et al., 1990). However, while this backbone- 
groove alignment is possible for a B-form helix, the similar 
widths of the grooves in an A-form RNA helix should desta- 
bilize this conformation, and a different global geometry 
is therefore likely to be more stable. 
Most work on the structure of branched nucleic acids 
has been carried out on DNA (reviewed by Lilley and 
Clegg, 1993; Seeman and Kallenbach, 1994), and there 
have been very few comparable studies of RNA. This has 
been the result of the relative ease of synthesis and manip- 
ulation of DNA, as well as the analysis of the structure. 
Gel electrophoresis has proved extremely informative in 
the study of the global conformations of branched DNA, 
including four-way junctions (Gough and Lilley, 1985; Coo- 
per and Hagerman, 1987; Duckett et al., 1988; Pijhler et 
al., 1994), three-way junctions (Duckett and Lilley, 1990; 
Welch et al., 1993, 1995), and even their complexes with 
proteins (Duckett et al., 1995; Parsons et al., 1995). This 
approach generally involves the comparison of the electro- 
phoretic mobility of branched species with two helical arms 
that are longer than others. In the case of a four-way junc- 
tion, this requires the comparative electrophoresis of the 
six permuted species with two long and two short arms. 
In this study, we have performed a comparative electro- 
phoretic study of three four-way junctions with core se- 
quences of RNA. We find that while these molecules adopt 
a folded structure based on coaxial pairwise stacking of 
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Figure 1. Analysis of the Global Structure of a 
Four-Way Junction in the Presence of 1 mM 
Mg*+ Ions 
(A) The central RNA base sequence of junction 
3 used in this analysis. This is the same se- 
quence as the junction 3 used in our earlier 
studies of DNA junctions (Duckett et al., 1988). 
The four arms are labeled B, H, R, and X, and 
the four component strands are labeled b, h, 
r, and x as shown. The sequence of junction 
1 is identical to that of junction 3, except that 
each of the base pairs at the point of strand 
exchange is reversed (see Figure 3). 
(B) The six long-short species derived from ra- 
dioactively labeled RNA junction 3 were com- 
pared by electrophoresis in an 8% polyacrylamide gel in 90 mM Tris-borate (pH 8.3) 1 mM MgCI, at room temperature. The equivalent long- 
short species derived by restriction enzyme cleavage of the corresponding DNA junction 3 were electrophoresed in the same polyacrylamide gel. 
The mobility pattern for the RNA junction is interpreted in terms of a stacked structure in which the two helical axes include angles Of 90°, thus 
generating four species in which the long arms are related by 90” and two species in which the long arms are related by 180”, as shown on the 
left. The RNA species RX is slightly smeared in this gel; this is an artifact of this particular experiment and is not significant (as can be seen by 
examining the equivalent parts of Figures 2 and 3). Lane 1, full-length RNA junction in which all arms are 40 bp in length; lanes 2-7, species BH, 
BR, BX, HR, HX, and RX, respectively, derived from the RNA junction; lanes 8-13, species BH (junction 3 cleaved with EcoRl and Xbal), BR 
(junction 3 cleaved with Hindlll and Xbal), BX (junction 3 cleaved with Hindlll and EcoRI), HR (junction 3 cleaved with BamHl and Xbal), HX 
(junction 3 cleaved with BamHl and EcoRI), and RX (junction 3 cleaved with BamHl and Hindlll), respectively, for the DNA junction. The dried 
gel was subjected to autoradiography. 
helical arms, the resulting shapes of the structures are 
different from those of the DNA junctions, with a propensity 
to adopt a 90° crossed structure. Moreover, the RNAjunc- 
tions exhibit a significant structural polymorphism in re- 
sponse to base sequence and ionic conditions. 
Results 
Construction and Analysis of Four-Way Junctions 
Based upon an RNA Core 
Gel electrophoresis is sensitive to the overall shape of 
branched nucleic acids (Gough and Lilley, 1985; Cooper 
and Hagerman, 1987; Duckett et al., 1988; Duckett and 
Lilley, 1990, 1991; Amiri and Hagerman, 1994; Bassi et al., 
1995). To determine the global shape of the four-way RNA 
junction, we have employed a gel electrophoretic method 
of analysis to compare the angles included between the 
four arms. In this approach, the relative electrophoretic 
mobilities of the six permutations of a given four-way junc- 
tion with two shortened arms are compared and analyzed 
on the assumption that the mobility will be proportional to 
the angle included between the two longer arms. 
We have therefore constructed a series of junctions in 
which the core of IO bp in each arm was made of RNA, 
while the remaining 30 bp was DNA. The total length of 
each arm was 40 bp, being reduced to 15 bp for the short 
arms. We employed this approach in an earlier study of 
the hammerhead ribozyme and showed that the presence 
of RNA-DNA junctions within helical arms does not signifi- 
cantly affect results from comparative gel electrophoresis 
(Bassi et al., 1995). Unlike the DNA molecules studied 
previously, where arms can be shortened by restriction 
cleavage, it is necessary to synthesize all the component 
molecules, i.e., 16 different molecules for the analysis of 
one junction sequence. Stoichiometric quantities of these 
species were hybridized together in appropriate combina- 
tions and purified by gel electrophoresis. 
Analysis of the Global Structure Adopted by a 
Four-Way RNA Junction in Mg*+ Ions 
We initially examined a four-way RNA junction based upon 
the sequence of our DNAjunction 3, studied earlier (Duck- 
ett et al., 1988). The central sequence in shown in Figure 
1 A; the strands and arms are labeled in the same way used 
for the DNA junctions. Since the four-way DNA junction is 
folded into the stacked X structure in the presence of Mg*+ 
ions, we first studied the conformation of the RNA equiva- 
lent in TB buffer (90 mM Tris-borate [pH 8.31) containing 
1 mM MgCln. The results are presented in Figure 16. For 
comparison, the six long-short species for the pure DNA 
junction of the same sequence (made from hybridization 
of four 80 nt oligonucleotides and arms shortened by re- 
striction cleavage [Duckett et al., 19881) were electropho- 
resed in the same gel; these generate the slow-intermedi- 
ate-fast-fast-intermediate-slow pattern indicative of the 
antiparallel stacked X structure. 
It is apparent that the pattern of mobilities of the species 
with shortened arms is different from that of the corre- 
sponding DNA junction. The absolute differences in mobil- 
ities for the six species are less than those exhibited by the 
pure DNA junction, and the pattern of relative mobilities is 
clearly different. The RNA junction exhibits a slow-slow- 
fast-fast-slow-slow pattern of mobilities, indicative of a 
different global geometry of the RNA junction compared 
with the DNA equivalent. In fact, we have observed a very 
similar pattern of mobilities for a DNA junction, when a 
covalent discontinuity (nick) was located at the point of 
strand exchange (Pohler et al., 1994). This pattern was 
interpreted in terms of pairwise coaxial helical stacking, 
with the two resulting helical axes mutually perpendicular, 
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and this is our preferred interpretation for the results ob- 
tained with the RNA junction. This is shown diagrammati- 
cally in Figure 1B. If the arms of the junction are assigned 
on the basis of the two faster species being those in which 
the longer arms are related by 180°, the stacking partners 
are Bon X and H on R. This is one of two possible stacking 
isomers of the junction and implies that a thermodynamic 
choice of stacking partners has been made. 
Analysis of the Global Structure Adopted by a 
Four-Way RNA Junction at Reduced 
Mgz+ Concentrations 
We used the comparative gel electrophoretic technique 
to study the global structure of the four-way DNA junction 
at lower salt concentrations (Figure 2). As the Mg*+ con- 
centration was reduced to 500 PM (Figure 2B), we ob- 
served a splitting between the slower species, toward a 
JunCtlOn 3 
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Figure 2. Analysis of the Global Structure of RNA Junction 3 at Lower 
Mg2+ Concentrations 
The comparative gel electrophoresis of the six long-short species was 
repeated as a function of ionic composition of the solution. Electropho- 
resis of radioactively labeled junctions was performed in 8% polyacryl- 
amide gels in 90 mM Tris-borate (pH 8.3) and the indicated additional 
salts at room temperature except for (C). The gels were dried and 
autoradiographed. 
(A) Electrophoresis in the presence of 1 mM Mg*+. Relative migration 
of the six long-short species generates the slow-slow-fast-fast-slow- 
slow pattern indicative of the 90” stacked structure. 
(B) Electrophoresis in the presence of 500 PM Mg*+. The pattern of 
mobilities has altered slightly, so that species BH and RX migrate a 
little faster than BR and HX. This indicates a rotation of the stacked 
helices in the direction of a parallel structure, indicated schematically 
on the right. 
(C) Electrophoresis in the presence of 2.5 mM EDTA at 4°C. Under 
these conditions, the mobility of species BH and RX is the same as 
the BX and HR species. This suggests that the rotation of the helices 
has progressed so far that the linear and obtuse angled species have 
equivalent mobility. 
(D) Electrophoresis in the presence of 50 mM Na+. The pattern is 
indistinguishable from that in EDTA, showing that Na’ions are incapa- 
ble of rotating the structure to the 90° form. 
Lanes 1-6, species BH, BR, BX, HR, HX, and RX, respectively, 
derived from RNA junction 3. 
pattern that is intermediate-slow-fast-fast-slow-inter- 
mediate. This pattern was accentuated as the Mg2+ con- 
centration was further reduced to 100 PM (data not shown). 
We interpret this pattern as a scissoring of the junction to 
an X shape. However, in marked contrast with the struc- 
ture of the DNA junction (which is antiparallel), the rotation 
was in the direction of a parallel structure in which acute 
angles are included between the B to R and H to X arms. 
This is consistent with the slower mobilities of the species 
with long BR arms and long HX arms. As shown schemati- 
cally in Figure 2, the exchanging strands turn about an 
angle that is greater than 90° at the point of strand ex- 
change, and the chemical polarity of the continuous 
strands is closer to parallel than to antiparallel. 
Analysis of the Global Structure Adopted by a 
Four-Way RNA Junction in the Absence of Added 
Mg*+ and in the Presence of Na+ Ions 
We analyzed the structure of the RNA junction in TBE 
buffer (90 mM Tris-borate [pH 8.3],2.5 mM EDTA) at 4°C. 
The pattern of relative mobilities was further changed un- 
der these conditions (Figure 2C), giving a pattern that was 
essentially fast-slow-fast-fast-slow-fast. This suggests 
that the rotation toward the parallel structure has become 
more extreme, such that the mobilities of the species char- 
acterized by a long coaxial arm (BX and HR) are closely 
similar to those of the species whose arms are related by 
obtuse angles (BH and RX). Formation of this structure 
in the absence of added metal ions is in striking contrast 
with the equivalent DNA junction, which undergoes an 
unfolding to a four-fold symmetrical unstacked structure 
under these conditions (Duckett et al., 1988, 1990; Clegg 
et al., 1994). 
Na+ ions are inefficient in folding nucleic acids in gen- 
eral, and this appears to be true for the RNA four-way 
junction. Thus, in the presence of 50 mM Na’, the gel 
electrophoretic pattern (Figure 2D) was virtually identical 
to that observed in the presence of TBE buffer. Despite 
the fact that Co(NH3),(lll) is highly efficient in the promotion 
of a number of folding transitions in DNA, stabilizing the 
folded conformations of four-way (Duckett et al., 1988, 
1990; Mellegaard et al., 1994) and bulged three-way junc- 
tions (Welch et al., 1993), we found that the electrophoretic 
pattern of the six long-short species of RNA junction 3 in 
the presence of 25 PM Co(NH&(llI) was not discernibly 
different from that in TBE (data not shown). 
Formation of a Second Isomer by a Four-Way RNA 
Junction of Different Sequence 
The junction 3 sequence adopts a coaxially stacked struc- 
ture based upon B on X and H on R stacking. This is the 
same choice of stacking partners that was found for the cor- 
responding DNA junction 3. We therefore repeated the 
gel electrophoretic analysis for a second junction, with the 
sequence of our junction 1. Junction 1 differs from junction 
3 in that the four central base pairs are each reversed 
(Figure 3A); in the presence of Mg’+ ions, the DNA junction 
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Figure 3. Sequence Changes at the Center of the Junction Induce the 
Formation of the Alternative Stacking Isomer 
(A) Comparison of the electrophoretic analysis of the global structures 
of two related junctions in the presence of 1 mM Mg*+. The sequence 
of junction 1 can be derived from that of junction 3 by reversing each 
of the base pairs flanking the point of strand exchange. The central 
sequence of each junction is shown. The six long-short species were 
generated for both junctions, radioactively labeled, and electropho- 
resed in an 8% polyacrylamide gel in 90 mM Tris-borate (pH 8.3), 
1 mM MgCI, at room temperature. The autoradiograph of the gel is 
presented. The six species for junction 3 migrate with a pattern indica- 
tive of the 90° stacked structure based on the B on X stacking isomer 
observed before (indicated on right). The pattern observed for junction 
1 also comprises four slow and two fast species; however, the order 
is changed to fast-slow-slow-slow-slow-fast. Like that of junction 3, 
this pattern also indicates a9O0 stacked structure, but in thealternative 
stacking isomer based on H on B arm stacking (indicated on left). Note 
that the absolute mobilities are closely similar for corresponding 90° 
and 180° species generated from both junctions, suggesting that the 
overall shapes of the two isomers are closely similar. Lanes 1-6, junc- 
tion 1 species BH, BR, BX, HR, HX, and RX, respectively; 7-12, junc- 
tion 3 species BH, BR, BX, HR, HX, and RX, respectively. 
(B) Electrophoresis of the six long-short species of junction 1 in 90 mM 
Tris-borate (pH 8.3), 2.5 mM EDTA at 4%. The pattern of mobilities 
remains almost unchanged from that in the presence of Mg*+. There is 
aslightincreasein themobilitiesofthespecies BXand HR, indicating a 
small rotation of the helices in the direction of a parallel structure. 
However, this is clearly very much less pronounced than the parallel 
structure adopted by junction 3 under these conditions (see Figure 
ZC). Lanes 1-6, junction 1 species BH, BR, BX, HR, HX, and RX, 
respectively. 
(C) Summary of the stacking isomers adopted by junctions 1 and 3. 
Only the four central base pairs of the sequences are shown. The 
ing isomer in which the B arm is stacked on the H, and 
R on X (Duckett et al., 1988). In the presence of TB con- 
taining 1 mM Mg2+, the RNA junction exhibited a new pat- 
tern of mobilities described by fast-slow-slow-slow- 
slow-fast (Figure 3A). For comparison purposes, the six 
long-short species for junction 3 have also been included 
in this gel; note that the mobilities of all fast species are 
the same, and this is also true for the slow species. The 
junction 1 mobility pattern may be interpreted in terms of 
the same coaxially stacked structure with 90° included 
angles that we deduced for the junction 3 sequence. How- 
ever, the major difference from the junction 3 structure is 
that this sequence has adopted the alternative stacking 
isomer, based upon H on B and Ron X stacking. Although 
there is a change is stacking partners, the resulting struc- 
tures are clearly very similar in global terms, because the 
mobilities of corresponding species are so similar. These 
results show that the four-way RNA junction can adopt 
either stacking isomer, and the balance between them is 
controlled by the central sequence. The stacked se- 
quences in the two isomers are summarized in Figure 3C. 
Analysis of the Global Structure Adopted 
by an RNA Junction 1 at Reduced 
Mg2+ Concentrations 
The gel electrophoretic analysis of junction 1 has been 
repeated at lower salt concentrations. In contrast with the 
behavior of junction 3, junction 1 undergoes little change 
of structure as the Mg2+ concentration is reduced (data 
not shown). Even in TBE at 4°C (Figure 3B), the pattern 
remains very similar, although there is a slight change in 
the direction of a parallel cross; i.e., the species BX and HR 
are slightly faster than BR and HX. However, this change is 
very much less extreme than that observed for junction 3. 
Global Structure of RNA Junctions in the Presence 
of Higher Mg*+ Concentrations 
Given the apparently polymorphic nature of the RNA junc- 
tions, the gel electrophoretic analysis of junctions 1 and 3 
was repeated in the presence of 5 mM Mg*+ to see whether 
increased ion concentrations might provoke further struc- 
tural changes (Figure 4A). This indeed proved to be the 
case, and in the presenceof 5 mM magnesium, new mobil- 
ity patterns were observed for both junctions that were 
similar to those found for DNA junctions in the presence 
of 100 uM or higher Mg2+ concentrations. The pattern for 
junction 1 was close to being fast-intermediate-slow- 
slow-intermediate-fast, which was interpreted in terms of 
an antiparallel stacked X structure (H on B stacking iso- 
mer) just like that adopted by DNA. That for junction 3 
was slow-intermediate-fast-fast-intermediate-slow; this 
is also interpreted in terms of the antiparallel stacked X 
structure, but in the alternative stacking isomer with B on 
junctions are drawn in an antiparallel orientation for convenience 
alone. Notethat the coaxial stacking of both junctions places the purine 
bases on the exchanging strands and the pyrimidine bases on the 
continuous strands. 
Four-Way RNA Junction Structure 
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Figure 4. Antiparallel Structures Formed in the Presence of Higher 
Concentrations of Mg2+ or Ca2+ Ions 
(A) Electrophoretic analysis of the global structures of junctions 3 and 
1 in the presence of 5 mM MgZ+. The six long-short species were 
generated for both junctions, radioactively labeled, and electropho- 
resed in an 8% polyacrylamide gel in 90 mM Tris-borate (pH 8.3) 
5 mM MgCI, at room temperature. The autoradiograph of the gel is 
presented. 
(B) Electrophoretic analysis of the global structures of junctions 3 and 
1 in the presence of 500 uM Ca”. Radioactively labeled forms of the 
six long-short species of both junctions were electrophoresed in an 
8% polyacrylamide gel in 90 mM Tris-borate (pH 8.3), 500 uM CaClz 
at room temperature. The autoradiograph of the gel is presented. 
Lanes l-6, junction 3 species BH, BP,, BX, HR, HX, and RX, respec- 
tively: 7-12, junction 1 species BH, BR, BX, HR, HX, and RX, respec- 
tively. 
X stacking. Thus, while the coaxial stacking and isomer 
selection remains unchanged for the two RNA junctions, 
the global structure has changed to adopt antiparallel 
structures. The patterns of gel electrophoretic mobilities 
are rather flatter than those observed for DNA junctions 
at lower Mg*+ concentrations (compare with Figure l), but 
this effect is also observed with DNA junctions as the ionic 
strength is increased (Duckett et al., 1990). 
Global Structure of RNA Junctions in the Presence 
of Ca*+ Ions 
We examined the patterns of gel electrophoretic mobility 
for the six long-short species derived from RNA junctions 
1 and 3 in the presence of a further metal ion, 500 PM 
Ca2+ (Figure 48). The patterns are quite similar to those 
observed in the presence of 5 mM Mg2+ and are interpreted 
in terms of the same antiparallel stacked X structures. The 
amplitude of these patterns is larger than that in Mg*+, 
probably owing to the lower overall ionic strength. We note 
that the patterns are less symmetrical than those of the 
equivalent DNA species, which can be observed most 
clearly in the disparity of mobility of the intermediate spe- 
cies for both junctions. A similar lowering of symmetry is 
observed (though less clearly, owing to the overall com- 
pression) in the presence of 5 mM Mg*+ (Figure 4A). At 
lower Ca’+ concentrations, such as 200 PM or lower, the 
gel electrophoretic pattern reverted to that indicative of 
the 90° stacked structure. Junction 1 also remained in the 
pattern corresponding to the 90° stacked structure in the 
presence of 25 uM Co(NH&(lll) (data not shown). 
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Figure 5. Analysis of the Global Structure of the Human Ul snRNA 
Junction 
(A) The central sequence of the hU1 snRNA four-way junction, 
(Left) The junction is a fully base-paired 4H junction, apart from the 
G,A mismatch. In other respects, the junction is perfectly paired for 
at least three base pairs from the point of strand exchange in each 
arm. Farther from the junction, small helix defects are found, such as 
base bulges and additional base mismatches. 
(Right) The central sequence of the Ul-related four-way RNA junction 
studied by comparative electrophoresis. The central sequence of the 
Ul snRNA junction was preserved as far as possible, including the 
G.A mismatch. Helical imperfections farther from the point of strand 
exchange were modified to restore perfect base pairing, as these might 
introduce axial kinks that would add vectorially to the trajectory of the 
junction and complicate the analysis. The arms of the junction were 
extended as before and are labeled B, H, R, and X as indicated. As 
with the earlier junctions studied, the inner IO bp of each arm were 
synthesized as RNA, and the remaining outer sections were DNA. For 
the analysis by gel electrophoresis, junctions in which pairs of selected 
arms were shortened to 15 bp were generated. 
(B and C) Comparative gel electrophoresis. The six long-short species 
were radioactively labeled and electrophoresed in 8% polyacrylamide 
gels in 90 mM Tris-borate (pH 8.3) with either 1 mM Mg2+ (B) or 2.5 
mM EDTA (C) at room temperature. The gels were dried and autoradio- 
graphed. A mobility pattern indicative of the 90’ stacked structure was 
obtained under all conditions. The folding is based upon Bon X coaxial 
stacking, i.e., the formation of the isomer Ac indicated shown as insert. 
Lanes l-8, hU1 RNA junction species BH, BR, BX, HR, HX, and RX, 
respectively. 
Global Structure of the Four-Way Junction 
of the Ul snRNA 
The Ul snRNA contains a four-way junction, and we were 
interested to discover whether this folded into the same 
structure based upon coaxial helical stacking. The central 
sequence of the Ul snRNA junction is shown in Figure 
5A. The junction sequence is conserved in mammalian, 
avian, and amphibian sequences (Branlant et al., 1981; 
Cdl 
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Figure 6. The Effect of the G.A Mismatch on the Global Conformation 
of the Four-Way Junction in the Ul snRNA 
(A) The comparative electrophoretic analysis of the Ul snRNA was 
repeated for a junction based on the human sequence, where the G.A 
mismatch was replaced with either a GC or UA base pair. The six 
long-short species derived from each of the junctions were radioac- 
tively labeled and electrophoresed in 8% polyacrylamide gels in 90 
mM Tris-borate (pH 8.3) 1 mM Mg*+. It can be readily seen that the 
pattern of mobilities is unchanged for both junctions compared with 
that found for the natural sequence. Lanes l-8, Ul RNA junction with 
G to U change, species BH, BR, BX, HR, HX, and RX, respectively; 
lanes 7-12, Ul RNA junction with A to C change, species BH, BR, 
BX, HR, HX, and RX, respectively. 
(8) In the Ul snRNA of Drosophila, the G.A mismatch is replaced by 
an A-U base pair, with a U.G mismatch at the next position. We 
therefore constructed a junction with these changes in that arm. The 
sequence flanking the point of strand exchange is the same as that 
of the natural Drosophila sequence; however, to reduce the extent of 
resynthesis required, there are some differences farther from the cen- 
ter of the junction. The six long-short species derived from the Dro- 
sophila-related junction were radioactively labeled and electropho- 
resed in 8% polyacrylamide gels in 90 mM Tris-borate (pH 8.3) 
contain’ing 1 mM Mg%. Once again the pattern of mobilities is clearly 
unchanged from that of the human sequence, indicating that the junc- 
tion folds in the same manner despite the sequence changes. 
Lanes i-6, dU1 RNA junction species BH, BR, BX, HR. HX, and RX, 
respectively. 
Guthrie and Patterson, 1988) and is perfectly base-paired 
for at least three base pairs in each arm, except for the 
single G.A mismatch located at the point of strand ex- 
change. We constructed a junction in which the central 
RNA core was based upon the Ul sequence, including 
the G.A mismatch (Figure 5A). Helical defects (base bub- 
bles or bulges) located farther from the point of strand 
exchange were removed to prevent any kinks that might 
be introduced into the arms from complicating the electro- 
phoretic analysis. If the structure folded by coaxial stack- 
ing similar to that of junctions 1 or 3, two isomers would 
be possible, termed isomer AC or Gc depending on 
whether the adenine or the guanine base of the G * A mis- 
match is located on the continuous strand. The six variants 
with two long and two short arms were prepared as above, 
and their electrophoretic mobilities were compared in poly- 
acrylamide. 
In the presence of 1 mM MgZ+, the Ul junction exhibits 
the slow-slow-fast-fast-slow-slow pattern that is typical 
of the 90° stacked structure (Figure 56). The structure 
has adopted the stacking isomer that stacks the arm con- 
taining the G. A mismatch over that containing the C bulge 
(isomer AC, shown in insert). There are slight differences 
in mobilities of the slower species (BR and HX are a little 
faster than BH and RX), indicating a small rotation in the 
direction of the antiparallel structure, but this isvery much 
smaller than that of any DNA junction in the same condi- 
tions (compare with Figure 1). Variation of the conditions 
produced no discernible change in this pattern; this was 
true in all concentrations of Mg*+ or Ca*+ ions tested or in 
TBE (Figure 5C). We suspected that the G .A mismatch 
might destabilize the folded geometry of this junction at 
low salt concentrations, but the structure was retained 
even in the presence of TBE at 20%. Thus, the Ul RNA 
junction appears to be held very stably in the 90° stacked 
pattern irrespective of the ions present in the solution. 
Effect of the G’A Mismatch on the Global Structure 
of the Four-Way Junction of the Ul snRNA 
The G.A mismatch at the point of strand exchange might 
conceivably affect the global conformation of the Ul 
snRNA four-way junction. It might influence the stacking 
preferences of the helical arms, for example. To examine 
the role of this mismatched pairing, we extended the com- 
parative electrophoretic analysis to two further junctions 
that were identical to the human Ul snRNA species stud- 
ied above, except that the mismatch was repaired to either 
G-C or U-A (Figure 6A). In the presence of 1 mM Mg2+, 
the six long-short species of these two junctions exhibited 
the -tow-slow-fast-fast-slow-slow electrophoretic pat- 
tern that is typical of the Ac isomer of the stacked structure. 
The patterns might be taken to indicate a small additional 
rotation of the stacked helices toward the antiparallel 
structure, but apart from that, no structural differences 
from the G.A-containing junction are evident. This was 
also true in TBE buffer (data not shown). We conclude 
that the G.A mismatch is not required to generate the 
global folding of the Ul snRNA junction. 
Global Structure of the Drosophila Ul snRNA 
Four-Way Junction 
While the G.A mismatch is conserved in the sequences 
of many Ul snRNA species, it is replaced by an A-U base 
pair in that found in Drosophila melanogaster, although 
the second base pair of that arm is a U. G mispair in the 
Drosophila junction. We therefore carried out the compar- 
ative electrophoretic analysis of a junction in which the 
RNA sequence flanking the point of strand exchange was 
based on the Drosophila Ul snRNA and found that once 
again the junction folded in the same way as the human 
and repaired sequences (Figure 66). Again, the structure 
was based on coaxial stacking of arms in the AC stacking 
isomer, with perhaps a little extra rotation in the antiparallel 
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direction. As with the other Ul snRNA sequences, the 
structure was not found to be sensitive to the ionic condi- 
tions. 
Discussion 
Four-way junctions in RNA adopt a folded geometry that 
is dependent both on base sequence and ionic conditions. 
They provide some interesting comparisons with the four- 
way DNA structure, both similarities and contrasts. 
A Structure Based upon Coaxial Helical Stacking 
While the gel electrophoretic data do not prove the exis- 
tence of coaxial helical stacking in the four-way RNA junc- 
tion, this is the most probable explanation for the data. It 
would be quite difficult to account for the two alternative 
patterns exhibited by junctions 1 and 3 other than in terms 
of alternative stacking isomers. All of the sequences stud- 
ied here appear to fold by the pairwise stacking of helical 
arms. Coaxial stacking is clearly a major driving force in 
the folding of nucleic acids generally. It is found in helical 
junctions in DNA, notably four-way junctions (Duckett et 
al., 1988), and in three-wayjunctionsthat include unpaired 
bases at the point of strand exchange (Leontis et al., 1993; 
Rosen and Patel, 1993; Welch et al., 1993, 1995). Coaxial 
stacking also occurs in RNA molecules, including tRNA 
(Jack et al., 1976; Kim et al., 1973) and pseudoknot struc- 
tures (Puglisi et al., 1990). The coaxial stacking in four-way 
RNA junctions is preserved under all conditions that we 
have used, including the complete absence of added 
metal ions; this contrasts with the corresponding DNA 
junctions, which undergo a transition to an extended un- 
stacked form at low salt concentration (typically below 100 
PM MgZ+) (Duckett et al., 1988). 
The proposed pairwise helical stacking of the RNAjunc- 
tion would divide the four strands into two classes (Figure 
7). Two continuous strands turn about the axes that run 
through the stacked helices, passing through the point 
of helix-helix stacking without significant deviation. Two 
exchanging strands pass between the different stacked 
pairs defining the point of strand exchange, forming the 
covalent linkage that holds the two quasicontinuous heli- 
ces together. There are two isomers of the folded structure 
that can be formed potentially, depending on the choice 
of stacking partners (summarized in Figure 7). A transition 
between stacking isomers requires the continuous strands 
to become exchanging strands, and vice versa. We find 
that the local sequence can determine the relative stabili- 
ties of the stacking isomers, such that by changing the 
base pairs around the point of strand exchange, there is 
a change to the other isomeric form. This is completely 
analogous to the two stacking isomers found in the four- 
way DNA junction. The sequences of junctions 1 and 3 
are the exact equivalents of their DNA counterparts (Duck- 
ett et al., 1988), and we note that the same isomeric forms 
are selected in DNA and RNA. Despite the significant dif- 
ferences in the structures (aside from the coaxial stack- 
ing), the sequence determination of isomeric form is the 
same in DNA and RNA for these two junctions, suggesting 
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Figure 7. Summary of the Global Conformations Adopted by Four-Way 
RNA Junctions 
(A) The four arms of the junctions are shown as differently colored 
cylinders (B, red; H, green; R, yellow: X, blue). They are identified in the 
extended form boxed on the left; note that this unstacked conformation 
does not exist for any of the RNA junctions studied here under any 
conditions employed. Junctions 1 and 3 adopt alternative stacking 
isomers, on the basis of the two possible stacking partner selections. 
In the presence of 1 mM Mgz+, both junctions adopt a structure in 
which the angle between helical axes is approximately perpendicular. 
Both junctions undergo a rotation toward a structure in which the con- 
tinuous strands are approximately antiparallel to one another at higher 
Mg2+ concentrations, or in the presence of >500 uM Ca*+. At low con- 
centrations of Mg*‘, junction 1 remains in the 90° form, while junction 
3 rotates toward a structure in which the continuous strands are now 
parallel to each other. In the absence of added metal ions, junction 
3 appears to adopt an extreme form of the parallel structure. In contrast 
with junctions 1 and 3, the Ul snRNA junction remains in the 90° 
stacked form under all conditions tested. We have not established the 
handedness of any of the RNA structures depicted, and thus this as- 
pect has been drawn arbitrarily. 
(B) The nature of the strands in the stacking isomers, The stacked 
structures contain two different kinds of strands. Upon exchange of 
helical stacking partners to form the alternative isomer, the character 
of each strand changes. Thus, in junction 3 (Bon X stacking), strands 
h and x are continuous strands, while strands b and rare exchanging 
strands. By contrast, in junction 1 (H on B stacking), strands h and x 
are exchanging strands, while strands b and r become continuous 
strands. 
by base interactions alone. In the three junctions studied 
here, the preferred stacking isomers maximize the number 
of purine bases on the exchanging strands. 
Variable Rotation of the Stacked Helices and the 
Effect of Metal Ions 
The gel electrophoretic patterns most frequently observed 
for the RNA junctions have two faster and four slower 
species. The most straightforward interpretation of these 
patterns is based upon the formation of alternative isomers 
of the pairwise stacked structure in which the angle be- 
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tween the two axes is close to 90°. Conceivably the pattern 
might represent a dynamic average of two or more rapidly 
interconverting species, such as an equilibrium between 
parallel and antiparallel structures. This seems less likely, 
however, since comparison of junctions 1 and 3 shows 
that the fast species have exactly the same mobility in 
both junctions, and the slow species also exhibit the same 
mobility for the two junctions. Given the rather different 
dependence on conditions for the two sequences (i.e., the 
formation of a parallel structure by junction 3 and not by 
junction l), the probability that the average overall shapes 
would be similar seems low. We therefore think that the 
results more likely indicate relatively fixed structures with 
a 90” included angle. 
The angle subtended between the two helical axes of 
the four-way junction isvariable and depends both on ionic 
conditions and base sequence (summarized in Figure 7). 
Both junctions 1 and 3 adopt the 90° stacked structure 
in the presence of 1 mM Mg”, However, as the concentra- 
tion of Mg2+ is reduced, junction 3 adopts a progressively 
more parallel structure, while junction 1 remains almost 
fixed in the right-angled form. In the presence of 2500 PM 
Ca*+ or 25 mM Mg ‘+ the helices rotate in the opposite , 
direction, to adopt (possibly distorted) antiparallel struc- 
tures. By contrast, the Ul St-RNA junction remains in the 
90° stacked form under all conditions tested. It is clear 
that the four-way RNA junction is rather polymorphic, and 
since we have only been able to study a limited number 
of sequences, it is possible that further conformational 
possibilities exist for RNA junctions. 
Ion-dependent conformational transitions are clearly 
very important in functional RNA molecules. For example, 
the hammerhead ribozyme appears to undergo a two- 
stage folding process with the addition of MS*+, to form 
what is most probably the active conformation of the ribo- 
zyme (Bassi et al., 1995). Achievement of the fully folded 
state may be blocked by specific sequence changes. 
Some structural differences between RNA and DNA 
four-way junctions in the presence of Mg2+ ions should be 
expected. The DNAjunction is known to be a right-handed 
antiparallel cross(Murchie et al., 1989) and modeling sug- 
gests that this permits a juxtaposition of the backbone of 
one helix in the major groove of the other (Murchie et al., 
1989; von Kitzing et al., 1990). This is consistent with the 
pattern of DNase I digestion (Murchie et al., 1990), and 
related packing of DNA duplexes has been observed in 
the crystalline state (Lipanov et al., 1993; Timsit et al., 
1989). However, the similarity in the widths of the major 
and minor grooves of the A-form helix suggests that this 
backbone-groove juxtaposition will be less favorable in 
the case of an RNA junction, and thus a rather different 
global conformation might result in general. If the thermo- 
dynamic advantage of strand-groove alignment is denied 
the junction, then the balance of other steric and electro- 
static factors may result in a new global conformational 
minimum free energy. This appears to be the case for the 
RNA junction in the presence of 1 mM Mg*+. The absence 
of a transition to an unstacked extended structure in the 
absence of added ions contrasts strongly with the behavior 
of DNA junctions and suggests that overall electrostatic 
repulsion in the RNA junction is lower. 
It is useful to compare the conformation of the RNA 
four-way junction with the nicked DNA junction (Piihler et 
al., 1994), i.e., a four-way junction in which the covalent 
continuity of one of the strands is broken at the point of 
strand exchange (a 4HI junction [Lilley et al., 19951). The 
patterns of electrophoretic mobility of the six long-short 
species for the nicked DNA junction are closely similar to 
those of the intact RNA four-way junction in the presence 
of 1 mM Mg2+, indicative of a similar global conformation. 
We suggested that the strand break in the nicked DNA 
junction permitted a disengagement of the helices and a 
rotation to a perpendicular geometry. This could indicate 
that given the conformation freedom, the overall electro- 
static repulsion in the DNA junction might be reduced by 
this rotation. Given the expected difficulty of an RNA junc- 
tion adopting an antiparallel structure, the 90° cross may 
be the lowest free energy structure accessible under most 
conditions. However, at very high Mg2+ concentration, or 
in the presence of Ca*+, a pattern of gel mobilities is found 
that suggests the formation of a distorted antiparallel struc- 
ture. Thus, an antiparallel conformation does appear pos- 
sible with enough reduction of electrostatic repulsion. Ca2+ 
ions are especially efficient in promoting formation of this 
form, in contrast with the folding of the DNA junction, 
where Ca*+ ions are slightly less efficient in promoting 
folding into the antiparallel stacked X structure compared 
with Mg*+ (Duckett et al., 1990). This suggests that specific 
ion-phosphate interactions may be involved in the stabili- 
zation of the antiparallel structure in RNA. A further indica- 
tion of this is the absence of any effect of Co(NH&oll) 
ions, which are the most efficient cations in folding DNA 
junctions. 
Global Structure of the Ul snRNA 
Four-Way Junction 
The Ul snRNA contains a four-way junction, and we have 
found that this also folds by pairwise coaxial stacking. The 
stacking isomer adopted isAc (Figure 5) in which the arm 
containing the G.A mismatch is coaxially stacked upon 
that containing a bulged cytidine in the natural molecule. 
Krol et al. (1990) earlier studied the four-way junction 
formed in the Ul RNA by means of probing experiments 
and molecular modeling. They suggested a structure 
based on the coaxial stacking of helical arms, and from 
differences in sensitivity tori bonucleaseV1, they indicated 
a preference for the stacking isomer that we have found 
in this study. 
We found that the helical axes of the Ul snRNA junction 
retained their approximately 90° included angle over all 
conditions tested. We suspected that the G.A mismatch 
might destabilize the stacked structure of the junction, as 
certain base mismatches in DNA junctions can lower the 
stability of the folded form (Duckett and Lilley, 1991). How- 
ever, the 90” stacked structure was retained even in the 
complete absence of added ions at 20%. The results indi- 
cate that this structure is especially stable for the Ul se- 
quence. G.A mismatches destabilize RNA duplexes by 
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5-7 kcal/mol (F. Walter, R. Grainger, and D. M. J. L., un- 
published data) and are known to be relatively structurally 
polymorphic in DNA (Brown et al., 1986; Gao and Patel, 
1988). We therefore anticipated that the mismatch might 
exert a significant influence on the global conformation of 
the Ul snRNA junction. However, repairing the mismatch 
by replacing it with either of the perfect Watson-Crick base 
pairs did not alter the global geometry of the junction. 
Comparative electrophoretic mobility patterns were unal- 
tered from those of the natural sequence under any condi- 
tions tested, consistent with the same global X shape 
based on an unchanged choice of stacking partners. Thus, 
the mismatch does not appear to be important in the global 
folding of the Ul snRNA junction. The G.A mismatch is 
conserved in mammalian and amphibian RNA, but be- 
comes an A-U base pair in Drosophila RNA (see tabulation 
by Guthrie and Patterson 119881). However, our compara- 
tive electrophoresis experiments indicate that the Dro- 
sophila-related Ul snRNA junction also folds into the same 
stacking isomer and structure, despite removal of the mis- 
match at the point of strand exchange in a way that con- 
served neither base and introduced other changes in se- 
quence. This suggests that there is conservation of 
three-dimensional structure by the different Ul snRNA 
species that goes beyond changes in sequence. In the 
Ul snRNA isolated from the alga Chlorella saccarophila 
(Kiss et al., 1988), there is an insertion of two unpaired 
bases at the point of strand exchange between the arms 
containing the U bulge and the larger bubble (thus creating 
a 4HS2 junction [Lilley et al., 19951). This places these 
extra bases on a continuous strand (the h strand in our 
scheme) of the AC stacking isomer; it would be interesting 
to know how this might affect the coaxial stacking process. 
Recognition of the Structure of the Four-Way 
RNA Junction 
It is increasingly clear that the structure of RNA plays a 
major role in the selective binding of proteins. The geome- 
try of the A-form helix of RNA does not lend itself to major 
groove penetration by proteins, and thus local molecular 
geometry plays a more prominent role in recognition pro- 
cesses. In a number of important respects, the geometry 
of the four-way RNA junction is significantly different from 
its DNA equivalent. Therefore, recognition processes in 
which the RNA junction is a participant are likely to be 
different in character. There are a whole series of proteins 
that recognize and even manipulate the structure of the 
four-way DNA junction (reviewed by Lilley and Clegg, 
1993). These proteins exhibit a selectivity that is based 
on the structure of the DNA, and thus, any corresponding 
recognition of the RNA junction will probably be different 
in detail. This should therefore be taken into account when 
considering the manipulation of putative RNA junctions 
formed in splicing reactions, for example. 
Experimental Procedures 
Synthesis of Oligonucleotides 
Oligonucleotides containing DNA either with or without RNA sections 
were synthesized by use of phosphoramidite chemistry implemented 
on an Applied Biosystems 394 DNA/RNA synthesizer. Oligoribo- 
nucleotide sections were synthesized with ribonucleotide phosphora- 
midites with 2’-t-butyldimethylsilyl (TBDMS) protection (Perreault et 
al., 1990) (Glen). Oligonucleotides were deprotected in 25% ethanol- 
ammonia solution at 55OC for 16 hr, evaporated to dryness, redis- 
solved in 0.5 ml 1 M tetrabutylammonium fluoride (Aldrich) in tetrahy- 
drofuran to remove TBDMS groups, and stored at 20°C in the dark 
for 16 hr prior to desalting. Fully deprotected oligonucleotides were 
purified by gel electrophoresis in 12% or 15% polyacrylamide con- 
taining 7 M urea and by electroelution. 
Construction of Junctions for Electrophoretic Analysis 
Pure DNA junctions were constructed exactly as described by Duckett 
et al. (1988), and shortened forms were generated by restriction cleav- 
age of selected arms. To generate the full-length RNA-DNA junctions, 
four 80 nt oligonucleotides containing a central section of ribonucleo- 
tide were synthesized. The central core of the junctions for 10 bp in 
each arm was constructed from ribonucleotides, while the remaining 
parts of each arm comprised DNA. The sequences of the full-length 
strands for the RNA-DNA junction 3 and 1 species were equivalent 
to the DNA junctions of Duckett et al. (1988). The core RNA sequences 
were as follows: b strand (J3), 5’-CCUAGCAAGGGGCUGCUACC-3’; 
h strand (J3), 5’-GGUAGCAGCCUGAGCGGUGG-3’; r strand (J3), 
5’-CCACCGCUCAACUCAACUGC-3’; x strand (J3), 5’-GCAGUUGA- 
GUCCUUGCUAGG3’; b strand (Jl), 5’-CCUAGCAAGCCGCUGCU- 
ACC-3’; h strand (Jl), 5’-GGUAGCAGCGAGAGCGGUGG-3’; r strand 
(Jl), 5’-CCACCGCUCUUCUCAACUGCG-3’; xstrand (Jl), 5’-GCAGU- 
UGAGAGCUUGCUAGG-3’. 
A junction was constructed with a core RNA sequence of the four- 
way junction of the human Ul snRNA (Branlant et al., 1981), i.e. the 
following: b strand (hUl), 5’~CCUAGGCAGGGGAGAUACGC-3’; h 
strand (hUi), 5’-GGGUAUCUCCCAGGGCGUGG-3’; r strand (hUl), 
5’-CCACGCCCUGCGAGUUUUGC-3’; x strand (hUi), 5’sGCAAAA- 
CUCGACUGCCUAGG-3’. 
Two further sets of strands were synthesized in order to remove 
the single-base mismatch present in the point of strand exchange in 
the Ul snRNA junction. Core sequences were as follows: b strand 
(Ul G to U), 5’-CCUAGGCAGUGGAGAUACGC-3’; x strand (Ul A to 
C), 5’-GCAAAACUCGCCUGCCUAGG-3’. 
To analyze the global structure of a junction related to the Ul snRNA 
of Drosophila, two further sets of strands were synthesized with the 
following core sequences: b strand (dUl), 5’-CCUAGGCAUAGGA- 
GAUACGC-9’; x strand (dUl), 5’-GCAAAACUCGUGUGCCUAGG-3’. 
Three shorter versions of each strand were synthesized, lacking 
25 nt from both the 5’ and the 3’ ends. For a particular junction se- 
quence, each of the six species comprising two long and two short 
arms was created by incubating stoichiometric amounts of the four 
appropriate DNA/RNA oligonucleotides in 150 mM NaCI, 15 mM Na 
citrate for 10 min at 90°C, followed by slow cooling. The junction 
species were radioactively [5’-3ZP]-labeled with T4 polynucleotide I& 
nase and [y-32P]ATP (Maxam and Gilbert, 1980). They were purified 
by gel electrophoresis in 8% polyacrylamide and by electroelution. 
Gel Electrophoresis 
Purified DNA or RNA-DNA junctions were loaded directly onto 8% 
polyacrylamide gels (29:l ::monomer:bisacrylamide ratio) and electro- 
phoresed at room temperature for 26-28 hr at 100 V, unless otherwise 
stated. The buffer system contained 90 mM Tris-borate (pH 8.3) with 
either 2.5 mM EDTA or the salt solutions indicated in the text and was 
recirculated at >l liter/hr. Gels were dried onto Whatman 3MM paper 
and autoradiographed at -70°C with llford fast tungstate intensifier 
screens and Konika X-ray film. 
Acknowledgments 
Correspondence should be addressed to D. M. J. L. We thank Gur- 
minder Bassi and Frank Walter for discussion, Audrey Gough for 
skilled technical assistance and the Cancer Research Campaign for 
financial support. 




Amid, K.M.A., and Hagerman, P.J. (1994). Global conformation of a 
self-cleaving hammerhead RNA. Biochemistry 33, 13172-13177. 
Bassi, G., M#llegaard, N.E., Murchie, A.I.H., von Kitzing, E., and Lilley, 
D.M.J. (1995). Ionic interactions and the global conformations of the 
hammerhead ribozyme. Nature Struct. Biol. 2, 45-55. 
Beekwilder, M.J., Nieuwenhuizen, R., andvan Duin, J.(1995). Second- 
ary structure model for the last two domains of single-stranded RNA 
phage Op. J. Mol. Biol. 247, 903-917. 
Branlant, C., Krol, A., and Ebel, J.-P. (1981). The conformation of 
chicken, rat and human UlA RNAs in solution. Nucl. Acids Res. 9, 
841-858. 
Brown, T., Hunter, W.N., Kneale, G., and Kennard, 0. (1986). Molecu- 
lar structure of the G.A base pair in DNA and its implications for the 
mechanism of transversion mutations. Proc. Natl. Acad. Sci. USA 83, 
2402-2406. 
Chastain, M., and Tinoco, J.I. (1991). Structural elements in RNA. 
Prog. Nucl. Acid Res. Mol. Biol. 41, 131-177. 
Clegg, R.M., Murchie, A.I.H., Zechel, A., and Lilley, D.M.J. (1994). 
The solution structure of the four-way DNA junction at low salt concen- 
tration: a fluorescence resonance energy transfer analysis. Biophys. 
J. 66, 99-l 09. 
Cooper, J.P., and Hagerman, P.J. (1987). Gel electrophoretic analysis 
of the geometry of a DNA four-way junction. J. Mol. Biol. 198, 711- 
719. 
Duckett, D.R., and Lilley, D.M.J. (1990). The three-way DNA junction 
isaY-shaped molecule in which there is no helix-helixstacking. EMBO 
J. 9, 1659-1664. 
Duckett, D.R., and Lilley, D.M.J. (1991). Effects of base mismatches 
on the structure of the four-way DNA junction. J. Mol. Biol. 2.27, 147- 
161. 
Duckett, D.R., Murchie, A.I.H., Diekmann, S.,von Kitzing, E., Kemper, 
B., and Lilley, D.M.J. (1988). The structure of the Holliday junction 
and its resolution. Cell 55, 79-89. 
Duckett, D.R., Murchie, A.I.H., and Lilley, D.M.J. (1990). The role of 
metal ions in the conformation of the four-way junction. EMBO J. 9, 
583-590. 
Duckett, D.R., Giraud-Panis, M.-E., and Lilley, D.M.J. (1995). Binding 
of the junction-resolving enzyme bacteriophage T7 endonuclease I to 
DNA: separation of binding and catalysis by mutation. J. Mol. Biol. 
246, 95-l 07. 
Gao, X., and Patel, D.J. (1988). G(syn).A(anti) mismatch formation in 
DNA dodecamers at acidic pH: pH-dependent conformational transi- 
tion of G.A mispairs detected by proton NMR. J. Am. Chem. Sot. 110, 
5178-5182. 
Gesteland, R.F., and Atkins, J.F. (1993). The RNA World (Cold Spring 
Harbor, New York: Cold Spring Harbor Laboratory Press). 
Gough, G.W.,and Lilley, D.M.J. (1985). DNA bending induced bycruci- 
form formation. Nature 313, 154-156. 
Guthrie, C., and Patterson, B. (1988). Spliceosomal snRNAs. Annu. 
Rev. Genet. 22, 387-419. 
Hampel, A., and Tritz, R. (1989). RNA catalytic properties of the mini- 
mum (-)sTRSV sequence. Biochemistry 28, 4929-4933. 
Jack, A., Ladner, J.E., and Klug, A. (1978). Crystallographic refinement 
of yeast phenylalanine transfer RNA at 2.5 A resolution. J. Mol. Biol. 
108, 619-649. 
Kim, S.-H., Quigley, G.J., Suddath, F.L., McPherson, A., Sneden, D., 
Kim, J.J., Weinzierl, J., and Rich, A. (1973). Three-dimensional 
struture of yeast phenylalanine transfer RNA: folding of the polypeptide 
chain. Science 179, 285-288. 
Kiss, T., Antal, M., Hegyi, H., and Solymosy, F. (1988). The structure 
of Ul RNA from Chlorella saccharophi/a: a phylogenetic support, in 
terms of RNA structure, for the probable interaction between Ul and 
U2 snRNPs during the splicing of pre-mRNA. Nucl. Acids Res. 16, 
2734-2747. 
Krol, A., Westhof, E., Bach, M., Liihrmann, R., Ebel, J.-P., and Carbon, 
P. (1990). Solution structure of human Ul snRNA. Derivation of a 
possible three-dimensional model. Nucl. Acids Res. 78, 3803-3811. 
Leontis, N.B., Hills, M.T., Piotto, M., Malhotra, A., Nussbaum, J., and 
Gorenstein, D.G. (1993). A model for the solution structure of a 
branched, three-strand DNAcomplex. J. Biomol. Struct. Dyn. 11,215- 
223. 
Lilley, D.M.J., and Clegg, R.M. (1993). Thestructure of branched DNA 
species. Quart. Rev. Biophys. 26, 131-175. 
Lilley, D.M.J., Clegg, R.M., Diekmann, S., Seeman, NC., von Kitzing, 
E., and Hagerman, P. (1995). A nomenclature of junctions and branch- 
points in nucleic acids: recommendations 1994. Eur. J. Biochem. 230, 
1-2. 
Lipanov, A., Kopka, M.L., Kaczor-Grzeskowiak, M., Quintana, J., and 
Dickerson, R.E. (1993). Structure of the B-DNA decamer C-C-A-A-C-I- 
T-T-G-G in two different space groups: conformational flexibility of 
B-DNA. Biochemistry 32, 1373-1389. 
Maxam, A.M., and Gilbert, W. (1980). Sequencing end-labeled DNA 
with base-specific chemical cleavages. Meth. Enzymol. 65, 499-560. 
M$llegaard, N.E., Murchie, A.I.H., Lilley, D.M.J., and Nielsen, P.E. 
(1994). Uranyl photoprobing of a four-way DNA junction: evidence for 
specific metal ion binding. EMBO J. 13, 1508-1513. 
Murchie,A.I.H., Clegg, R.M., von Kitzing, E., Duckett, D.R., Diekmann, 
S., and Lilley, D.M.J. (1989). Fluorescence energy transfer shows that 
the four-way DNA junction is a right-handed cross of antiparallel mole- 
cules Nature 341, 763-786. 
Murchie, A.I.H., Carter, W.A., Portugal, J., and Lilley, D.M.J. (1990). 
The tertiary structure of the four-way DNA junction affords protection 
against DNasel cleavage. Nucl. Acids Res. 18, 2599-2606. 
Parsons, C.A., Stasiak, A., Bennett, R.J., and West, S.C. (1995). Struc- 
ture of a multisubunit complex that promotes DNA branch migration. 
Nature 374, 375-378. 
Perreault, J.-P., Wu, T., Cousineau, B., Ogilvie, K.K., and Cedergren, 
R. (1990). Mixed deoxyribo- and ribooligonucleotides with catalytic 
activity. Nature 344, 565-567. 
Pohler, J.R.G., Duckett, D.R., and Lilley, D.M.J. (1994). Structure of 
four-way DNA junctions containing a nick in one strand. J. Mol. Biol. 
238, 62-74. 
Puglisi, J.D., Wyatt, J.R., and Tinoco, I., Jr. (1990). Conformation of 
an RNA pseudoknot. J. Mol. Biol. 214, 437-453. 
Rosen, M.A., and Patel, D.J. (1993). Structural features of a three- 
stranded DNA junction containing a C-C junctional bulge. Biochemis- 
try 32, 8576-6587. 
Seeman, NC., and Kallenbach, N.R. (1994). DNA branched junctions, 
Annu. Rev. Biophys. Biomol. Struct. 23, 53-86. 
Steitz, J.A. (1992). Splicing takes a Holliday. Science 257, 888-889. 
Timsit, Y., Westhof, E., Fuchs, R.P.P., and Moras, D. (1989). Unusual 
helical packing in crystals of DNA bearing a mutation hot spot. Nature 
341, 459-482. 
von Kitzing, E., Lilley, D.M.J., and Diekmann, S. (1990). The stereo- 
chemistry of a four-way DNA junction: a theoretical study. Nucl. Acids 
Res. 18, 2671-2683. 
Welch, J.B., Duckett, D.R., and Lilley, D.M.J. (1993). Structures of 
bulged three-way DNA junctions. Nucl. Acids Res. 21, 4548-4555. 
Welch, J.B., Walter, F., and Lilley, D.M.J. (1995). Two inequivalent 
folding isomers of the three-way DNA junction with unpaired bases: 
sequence-dependence of the folded conformation. J. Mol. Biol. 251, 
507-519. 
